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Objectives: Progress in studying acute and chronic pulmonary allograft rejection has been hampered by the lack
of feasible experimental animal transplantation models. Contemporary approaches are limited by anatomic appli-
cability (heterotopic tracheal implantation) and lack of genetic variability (rat model). To utilize the breadth of
available genetic modifications in a physiologic setup, we optimized and validated a procedure of orthotopically
transplanted, perfused, and ventilated single pulmonary transplantation in mice.
Methods: C57BL/6 mice served as recipient, with Balb/c as donor. At time of harvest, explanted lungs were per-
fused with Perfadex, and the heart–lung block excised. Under 30 to 403 magnification, vessels and bronchus
were cuffed. Following left thoracotomy in the recipient, hilar structures were incised and cuff-anastomosed
with the corresponding donor parts. Allogeneic and syngeneic transplantations (n ¼ 12/group) were performed
with a follow-up period of 5 days and up to 90 days, respectively.
Results: The success rate of lung transplantation in mice was 87.5% (21/24). Mean cold ischemia time was
32.3  3.7 minutes, and warm ischemia time was 30.8  9.5 minutes. Deaths were due to bleeding during dis-
section of the hilus and/or caused by thrombosis postoperatively. Allogeneic grafts were rejected by day 5; syn-
geneic grafts were slightly congested but mainly unchanged up to day 90 posttransplantation.
Conclusions: Unilateral lung transplantation in mice can be performed in a standardized and controlled fashion
with low mortality, comparable to the rat. Employing transgenic and knockout mice strains, this procedure holds
great promise to advance the understanding of immunologic pathways in acute and chronic rejection in a physi-
ologic model of pulmonary transplantation.
TRANSPLANTATIONTransplantation Jungraithmayr et alGiven the unique interaction of the lung with the environ-
ment, experimental transplantation models that reflect nei-
ther the anatomic nor the physiologic peculiarities of this
organ are inherently limited in their significance. Since the
first orthotopic rat lung transplantation in 1971,1 much effort
has been undertaken to modify, facilitate, and optimize this
approach to develop a reproducible model.2,3 Currently, this
method is well accepted and standardized for the investiga-
tion of immune-mediated and non–immune-mediated events
that lead to rejection after lung transplantation. Although in
recent years the application of the orthotopic rat and large-
animal transplantation models contributed significantly to
the elucidation of these mechanisms,4,5 the scope of those
investigations is limited by the scarcity of knockout and
transgenic models. Ideally, mice offer a wide range of study-
ing genetic modifications, and this has been utilized in em-
ploying models of subcutaneous/intra-abdominal tracheal
implantation. However, ignoring target organ specificity
(tracheal vs bronchioles), perfusion requirements (diffusion
vs vascular circulation), and physiology (no ventilation vs
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proach. Orthotopic pulmonary transplantation in mice has
been made difficult by the microsurgical demands, facing
a diminutive situs with extremely fragile tissue. Although
applying the basic principles of the rat transplantation tech-
nique, the procedure of lung transplantation in mice differs
substantially in regard to particular technical aspects. Re-
cently reported by Okazaki and colleagues6 for the first
time, we describe our independently developed technique
of orthotopic single-lung transplantation in the mouse.
This publication focuses on the microsurgical characteristics
of the procedure, with detailed discussion of key operative
steps and their pitfalls. Extending the survival for up to
90 days, we report on the feasibility of a novel animal trans-
plantation model, which may serve as a future pivotal tool




Specific pathogen-free male inbred mice with a MHC-I full mismatch
C57BL/6 (H-2Kb) and Balb/c (H-2Kd) were purchased from LTK Fuellins-
dorf, Zu¨rich (Fue, Zu¨rich, Switzerland) and kept under specific pathogen-
free conditions. All animals received adequate care according to The
Principles of Laboratory Animal Care.7 The studywas approved by the local
animal committee (Licence No. 158/2007). Ten- to 14-week old animals
weighing 25 to 30 g were used both as donors and recipients. Syngeneic
transplantations (n ¼ 12) were performed in the Balb/c/ Balb/c strain
combination and allogeneic transplantations (n ¼ 12) were performed in
Balb/c/ C57BL/6 strain combination. Allografts were analyzed on day
5 posttransplantation, syngeneic grafts were analyzed during follow-up
time points at 28, 50, and synthetic grafts were analyzed at 90 days post-
transplantation.rgery c February 2009
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XAbbreviations and Acronyms
LA ¼ left atrium
LB ¼ left bronchus
PA ¼ pulmonary artery
PV ¼ pulmonary vein
Experimental Setting
The transplantations were performed under clean, nonsterile conditions by
a single surgeon (W.J.). An operatingmicroscope (Wild, Heerbrugg, Switzer-
land) with 30 to 403 magnification was used for all procedures. Recipients
received buprenorphin (Temgesic) 0.01 mg/kg subcutaneously (Essex, Lu-
zern, Switzerland) prior to extubation and every 8 hours thereafter until
day 3 posttransplantation. The operative technique was performed in a mod-
ification of the cuff technique as described previously.4,5 Time intervals were
defined as follows. Cold ischemic time was the interval from start of flushing
the donor lungs in situ to removal from the cold Perfadex storage solution
(Vitrolife, Go¨teborg, Sweden); back table time was the interval from begin-
ning the preparation of the hilar structures until completed cuff placement;
warm ischemic time was the interval from the removal of the graft from Per-
fadex storage until restoration of the perfusion; total procedure time was the
interval from donor skin incision until closing of the recipient thoracic cavity.
Donor Procedure
Induction of anesthesia was initiated in a sealed cage with inflow isoflur-
ane (Attane; Minrad I, Buffalo, NY), followed by premedication with 0.2
mg/kg pentobarbital (Nembutal; Abbott Laboratories, North Chicago, IL)
and orotracheally intubation with a 20-gauge intravenous catheter (BD In-
syte, Becton Dickinson SA, Madrid, Spain). The tube was than connected
to a pressure controlled ventilator (Model 683 Harvard Rodent Ventilator,
Harvard Apparatus, South Natick, MA) and the lungs ventilated at a respira-
tory rate of 130 breaths/min. Anesthesia was maintained by ventilation with
a positive end-expiratory pressure of 0.05 kPa and a tidal volume of 0.5 mL
(animals weighing 25 to 27 g) and 1.0 mL (animals weighing 28 to 30 g) of
99.5% humidified, warmed oxygen with a fraction of 0.5% isoflurane.
Until completion of the donor procedure, a heart rate of approximately
180 beats/min was maintained to ensure stable circulation and subsequent
perfusion of preserving solution throughout the pulmonary bed. Donors
were placed in a supine position and a laparosternotomy was performed
as a combined midline and transverse incision. The ventral collar region
was dissected and the trachea ligated with a 6-0 silk (Braun-Aesculap,
Tuttlingen, Germany). The diaphragm was cut along the ventral costal
attachment toward the spine, and the thoracic cavity was exposed by retract-
ing both sides of the chest wall laterally. Heparin (100 U/kg; Heparin-Na;
Braun Medical AG, Emmenbru¨cke, Switzerland) was injected into the infe-
rior vena cava. Adhesions between the heart and the left thoracic wall were
dissected and the thymus with its overlaying fatty tissue removed to clearly
identify the ascending aorta and the root of the left PA. After incising the
inferior vena cava, the left atrial appendage was cut and the lungs flushed
with 2 mL of cooled (4C) Perfadex via a transverse incision at the root
of the PA trunk with a pressure of 10 cm H2O. Arresting ventilation at
two thirds of end-tidal inflation, the heart–lung block was excised and stored
in Perfadex solution at 4C until start of back table preparation.
Graft Preparation
The heart–lung block was placed on its dorsal plane, on Perfadex-soaked
gauze, on ice, optimally exposing the left hilar structures. For further prepara-
tion, angled microsurgical forceps with blunt tips were used (tip size 0.103
0.06 mm; Fine Science Tools, Foster City, CA). The inferior pulmonary liga-
ment was incised up to the inferior branch of the PV. The hilum was brought
out by removing the aortic arch with its adjacent tissue followed by theThe Journal of Thoracic and Cpreparation of the overlaying PA at the diversion of the left and right PA.
The bronchus was cut at the tracheal bifurcation, and the vein within the wall
of the LA. The cuff for the PA was constructed from a 26-gauge intravenous
Teflon catheter (BD Insyte, Becton Dickinson SA, Madrid, Spain) for mice
weighing between25 and 27 g, and from24-gauge for thoseweighing between
28 and 30 g. Actual cuff length was 0.5 mm, with an extending handle of 0.25
mm. The surface of the cuff was roughened with sandpaper (size: P 400 grain)
to provide a firmfix. The cuff for the bronchus consisted of a 20-gauge catheter
segment with a length of 1.0 mm and an extension of 0.5 mm. The cuff for the
PV was designed from a 22-gauge catheter with a length of 0.7 mm and an
extension of 0.3mm. The distal ends of PA, PV, and bronchuswere introduced
into the cuffs and evertedover the ends, firmlyfixedusing a10-0nylon ligature.
The graft was then stored in Perfadex-solution (Braun-Aesculap, Tuttlingen,
Germany) at 4Cuntil implantation.Amicrovessel clip (5.03 9.0mm, closing
force: 20 g; FD562R, Braun-Aesculap, Tuttlingen, Germany) was placed on
the proximal left bronchus to avoid flooding with preservation fluid.
Recipient Procedure
Induction of anesthesia was applied to the recipient as described above.
No premedication was given. Animals were orotracheally intubated with
a 20-gauge intravenous catheter and ventilated as described for the donor.
The recipient was placed on a small section of rolled gauze (serving as
a counterfort to enhance widening of intercostal space) on its right side.
A left-sided thoracotomy was performed at the third intercostal space, ex-
tending the incision dorsally close to the spine. The left lung was mobilized
by dividing the inferior pulmonary ligament. To better expose the recipient
hilar structures, the recipient native lung was gently retracted laterally out of
the thoracic cavity applying a microvessel clip, the same that was used for
occlusion of the recipient vessels. The PAwas then separated from the bron-
chus over a distance of 8 mm (Figure 1, A). The PA was subsequently
clamped close to the heart using a microvessel clamp as described above,
and a 10-0 nylon ligature positioned loosely around the recipient’s PA.
Next, the preparation between the recipient left bronchus and PVwas started
beginning from the hilum near the LA (Figure 1, B), leaving an open space
of one third of the longitudinal connection between PV and left bronchus
(LB) (Figure 2). After clamping the PV, the bronchus remained unclamped
in order to not injure the fragile bronchial tissue. Both structures were
encircled with a ligature as described above. After dissecting the artery
completely from its adventitial sheath, a small transverse incision of approx-
imately one fourth of the vessel’s circumference was made into the anterior
wall, leaving the continuation of the dorsal part of the artery intact. The
lumen of the vessel was then rinsed with saline to prevent thrombosis.
The donor lung, wrapped in cold, Perfadex-soaked cotton gauze, was
then placed in the thoracic cavity, with the cuffed hilar structures pointing
toward the recipient’s hilum. Subsequently, donor artery and left bronchus
were inserted into the respective recipient structure. To ensure unimpaired
ventilation, the bronchial lumen was cleared of any residual fluid or tissue
remnants shortly before insertion into the recipient bronchus. No additional
securing clips were used at this step (Figure 3, A). The bronchial incision
was made immediately prior to introduction of the donor structure in order
to not impair ventilation. For insertion of the donor PV, the lower branch of
the PV was transversely incised (Figures 3, B and 4, A) to preserve enough
length for the introduction of the donor PV. Introduction of the cuff of the
PV was performed similarly as described for the artery (Figure 4, B). Final-
izing the anastomoses, the cuffs were fixed with the 10-0 nylon ligature.
Clips were removed from the recipient vessels, reperfusion was restored,
and the lung inflated with an inspiratory pressure of 0.2 kPa. After position-
ing the transplanted lung back into the recipient thorax, the native lung was
excised, the thoracic wall was closed by 3 layers, and the orotracheal tube
was removed when spontaneous respiration had resumed.
Assessment of Transplant Function
Animals were anesthetized as described above. Exposure of the right hi-
lum through a median laparosternotomy was accomplished, with clampingardiovascular Surgery c Volume 137, Number 2 487
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XFIGURE 1. A, Isolation of the pulmonary artery is achieved by gentle spreading motions using the tips of the forceps. The pulmonary artery is relatively
robust and resistant to shearing forces. B, Separation between left bronchus and pulmonary vein is performed as close to the left atrium as possible. Preparation
elsewhere invariably leads to injury and rupture of either left bronchus or pulmonary vein.
FIGURE 2. A, Holding an overlying band of connective tissue with the forceps, an access to the space between left bronchus and pulmonary vein is thereby
safely accomplished. B, Freeing space between left bronchus and pulmonary vein to one third of length is enough to place a clip and ligature to each of these
structures and complete the anastomosis.
488 The Journal of Thoracic and Cardiovascular Surgery c February 2009
Jungraithmayr et al TransplantationFIGURE 3. A, Once the cuffed donor artery is introduced into the recipient artery, it adheres inside the vessel without the aid of an additional clip. B, The
lower branch of the pulmonary vein is transversely incised; the upper branch is kept for a potential salvage procedure (in case of failure of the primary
introduction).T
Xof the PA and the right bronchus to assess the oxygenation capacity of the
transplanted left lung.Waiting for 5 minutes, after reaching a circulatory sta-
ble state, 300 mL of whole blood was aspirated from the ascending aorta for
blood gas analysis. The heart–lung block was removed two-thirds inflated
en bloc, divided into thirds. Two samples were stored at –80C for potential
further analysis, and 1 sample from the lower lobe of the graft was placed in
4% formalin solution for further histologic evaluation (hematoxylin and
eosin staining).
RESULTS
Twenty-four transplantations were performed with an
overall survival rate of 87.5% (21/24). The survival in the
allogeneic group until day 5 (when the animals were sacri-
ficed) was 91.6% (11/12). One recipient died intraopera-
tively due to bleeding during dissection of the hilum. In
the allogeneic group at day 5 posttransplantation, grafts
showed a slightly shrunken but well-perfused and ventilated
organ with a hyperemic surface. Histologically, allografts
displayed moderate to severe acute rejection (grade A3 to
A4) with diffuse perivascular, interstitial, and air-space infil-
trates of mononuclear cells.
Survival in the syngeneic group until day 90 posttrans-
plantation was 83.3% (10/12). Two animals died due to ve-
nous thrombosis after 7 and 14 days posttransplantation,
respectively. Grafts revealed an almost unchanged macro-
scopic appearance with only mild signs of congestion at
day 90. Histologically, syngrafts showed no signs of rejec-The Journal of Thoracic andtion. Oxygenation capacity was preserved in syngeneic re-
cipients up to day 90 posttransplantation compared with
allograft recipients on day 5 posttransplantation (Po2 synge-
neic grafts: 118  6.9 mm Hg; allografts: 65.2  5.4 mm
Hg; n ¼ 3/group). Relevant periods of procedure times are
given in the Table 1.
DISCUSSION
In this study, we describe the refinement and implementa-
tion of orthotopic, single-lung transplantation in a mouse
model. Our approach is technically feasible and has led to re-
producible results when using both allogeneic and syngeneic
pulmonary grafts. Based on techniques formerly employed
in rat orthotopic pulmonary transplantation,2,3 further mod-
ifications were implemented in order to perform lung trans-
plantation in the mouse in a safe and controlled manner.
Recently, a mouse model of orthotopic vascularized, aer-
ated lung transplantation was introduced and evaluated for
immunologic events in acute lung rejection with a follow-
up period of 28 days posttransplantation.6 In this study, Oka-
zaki and colleagues focused on characterizing patterns of
infiltrating T cells and antigen-presenting cells into mice
pulmonary allografts; however, details on the microsurgical
achievements reported were lacking. Developing the same
technique independently, we therefore decided to presentCardiovascular Surgery c Volume 137, Number 2 489
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XFIGURE 4. A, The incision of the lower branch should be of limited extent. B, The small incision of the pulmonary vein keeps the donor’s pulmonary vein
inside the recipient’s pulmonary vein by adhesive force.a thorough report on the surgical technique to accomplish
this procedure.
To familiarize with the peculiarities of the mouse thoracic
situs, 40 back table preparations and 60 recipient hilar
dissections and implantations were performed in mice ca-
davers. As a next step, we performed 26 transplantations
in a set of animals that were euthanized at the end of the pro-
cedure. The operative failure rate was 20% due to bleeding
from the recipient vessels. The period of training was fol-
lowed by this study of 24 transplantations. Based on a contin-
ued frequent performance of rat lung transplantations,
successful transplantation in mice was accomplished after
a short learning curve.
Hilar structures in mice are very delicate andmore suscep-
tible to injury, because the mouse is only a tenth of the mass
of the rat. All steps are to be performed using angled micro-
surgical forceps with blunt tips of a size not smaller than 0.10
TABLE 1. Relevant time periods in orthotopic single-lung
transplantation in mice (means ± SD)
Procedure Min (± SD)
Cold ischemic time 32.3  3.7
Back table time 16.6  3.5
Warm ischemic time 30.8  9.5
Total procedure time 95.6  8.5
SD, Standard deviation.490 The Journal of Thoracic and Cardiovascular Sur3 0.06 mm to avoid damage to the graft tissue. Due to the
lack of abundant hilar/mediastinal fatty tissue (as often
seen in rats), mice in the weight range of 25 to 30 g offer eas-
ier anatomic preparation with concise dissection of target
structures. In our series, due to a more expeditious setup,
cold and warm ischemic times were even shorter than time
periods known from the model of orthotopic rat lung trans-
plantation.2
During back table preparation, transection of the artery
can be achieved rapidly. It should be performed as centrally
as possible toward the hilum. When separating the bronchus
from the vein, sharp dissection is encouraged, as the pars
membranacea and the wall of the PV is extremely fragile
and very susceptible to shearing forces. Furthermore, the
bronchial stump should be freed from the PV rather cen-
trally, so as not to risk tension on the venous anastomosis.
Completing the eversion of the donor vein through the
cuff, the process is made easier by leaving an atrial margin
as at a thicker distal end, which can be used as a handle.
Half of the cuff extension generally leaves enough grip for
holding with the forceps during the introduction procedure
and, at the same time, does not injure the structures once
the graft is introduced into the thoracic cavity. Cuff torsion
is reliably avoided by directing the cuff handle toward a right
dorsolateral position and firmly adhering to this orientation
when inserting into the recipient’s structures. Unlike Oka-
zaki and associates,6 we clamp the bronchus during backgery c February 2009
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Xtable preparation in order to maintain two-thirds inflation
and to avoid influx of preservation solution. We use a soft
microvessel clip. In our experience, early cuffing of the
bronchus does not promote the influx of preservation fluid.
In addition, we remove any excess fluid from the bronchus
immediately prior to insertion into the recipient bronchus.
When preparing for the actual transplantation, the dorsal
thoracic incision needs to be drawn toward the spine to posi-
tion the graft as close to the hilar structures as possible. In
contrast, the incision should not be extended very much ven-
trally, so as not to dislocate the high-frequency beating heart.
Preparation of the hilum is started by separating the PA from
the bronchus with slow and careful spreading movements
using the tips of the forceps until all surrounding connective
tissue is entirely divided and the artery is freed over a longitu-
dinal distance of approximately 8mm. The artery needs to be
free from adventitial remnants to avoid creating a false
passage. The arterial wall in mice is invariably firm and
resistant to manipulation (eg, to widening and extension;
Figure 1,A). In contrast, particular caution should be directed
to the area between the bronchus and PV, as these structures
lay very close adjacent to each other and are of most fragile
consistency. Any attempt to transect them in the traditional
way will result in injury of bronchus or PV. To prevent
this, it is mandatory to start the preparation as close to the
LA as possible (Figure 1, B), continuing along the curvature
of the PV, because the tissue of this area is more resistant to
manipulation and of a stronger consistency (Figure 2, A).
Manipulation of structures and the preparation process is
thereby facilitated, and bleeding events are prevented by
this straightforward dissection technique. Okazaki and col-
leagues6 experienced major bleeding during implantation
that may have been caused by rinsing the incised artery and
vein with heparinized saline solution prior to implantation.
A relevant bleeding occurred during dissection of the vein
from the bronchus in one of our animals. This reflects the fra-
gility of themedial aspect of the vein,which is easily ruptured
if preparation is not followed along the curvature of the vein.
Taking the higher risk of bleeding into account, it remains
controversial whether local rinsing of hilar PV and PA
with heparin should generally be recommended. Also, mul-
tiple grasping attempts endanger the vein’s wall. Once the
cuffs are introduced into the recipient, bleeding becomes
unlikely. Long-term failure in our series was caused by
thrombosis in 2 animals. Autopsies of these mice revealed
slight kinking of the PV. This may have been caused by
a mismatch between donor and recipient length of anasto-
motic stump, arriving at an overall too-long vein that was
prone to kinking. A more proximal placement of the donor
stump into the recipient vein will minimize the risk of
kinking.
The cuff technique achieves a tight seal, with little risk of
bleeding. To introduce the cuffed donor stumps into the re-
cipient structures, only small transverse incisions should beThe Journal of Thoracic and Cplaced. The length of these incisions should be smaller than
the diameter of the donor cuff that is being introduced. Lon-
gitudinal incisions lead to further tearing, particularly after
several attempts of introducing the cuff. Small transverse in-
cisions, however, facilitate safe insertion of cuffed structures
that firmly adhere inside the vessel, without the need for ad-
ditional clips (Figure 3, A). When incising the PV, we favor
an incision on the lower branch of the PV (Figure 3, B), so
that the upper limb may serve as a salvage access in case
of extensive longitudinal tearing of the lower venous tract.
In mice, unlike in the rat, we did not observe the potential
for torsion or collateral injury, associated with the cuff
handle.3,8
Extending the original time frame of 28 days from Okaza-
ki’s group,6 we were able to show ventilated and perfused
syngeneic grafts up to day 90 posttransplantation. Assess-
ment of grafts revealed a decreased but still preserved
oxygen capacity 90 days posttransplantation. In contrast,
oxygenation capacity of allografts was reduced on day 5
posttransplantation, but grafts were ventilated and perfused
due to a patent lumen of the anastomosis. That indicates
that using cuffs with a diameter of up to 26 gauge can be ap-
plied safely to achieve a functioning and representative
transplanted graft after a short period in allografts and after
a long period in syngeneic grafts.
In conclusion, the mouse model of unilateral lung trans-
plantation constitutes a microsurgical challenge, yet, given
meticulous preparation and due diligence, it can be per-
formed in a standardized, reproducible, and successful
way. Employing transgenic and knockout mice strains, this
model will clearly help to advance the understanding of im-
munologic pathways in acute and chronic rejection.
We thank Lea Schuetz-Cohen, photographer, and Stephan
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